The effects of land use on river water chemistry in a typical karst watershed (Wujiang River) of southwest China have been evaluated. Dissolved major ions and Sr isotopic compositions were determined in 11 independent sub-watersheds of the Wujiang River to investigate the spatio-temporal variations in river water chemistry and their relationship to land use. The results show significant spatial variability in pH, major ions, total dissolved solids (TDS), and Sr isotopic compositions throughout the basin. Correlation analysis indicates that nitrogen content is significantly related to forest coverage. Nitrogen and potassium generally have higher values in the rainy season, and the percentage of agricultural land controlled NO 3 levels, which originate from anthropogenic sources. Forest cover, which varies between 35% and 71%, has no statistically significant impact on river solute concentrations, but the TDS flux is low in sub-watersheds with greater forest cover. Geological sources have a significant influence on pH and Sr isotopic compositions in river water throughout the basin.
INTRODUCTION
River water chemistry is controlled by numerous natural and anthropogenic factors (Ahearn et al. 2005) . These effects on river water chemistry can either be spatially diffuse, such as interflow through organic-rich soils or return flow from extensive row crop cultivation, or point pollutants, such as from a wastewater treatment plant (Ahearn et al. 2005 , Li et al. 2008 . Land use is perhaps the most important anthropogenic factor affecting the Earth's surface (Lambin et al. 2001) . A number of previous studies have focused on the relationships between land use and water-quality variables, including total dissolved salts (TDS), suspended solids, and nutrient levels (Allan et al. 1997 , Johnson et al. 1997 , Ahearn et al. 2005 , Bhat et al. 2006 , Reimann et al. 2009 , Lindell et al. 2010 . Osborne and Wiley (1988) noted that median nitrate concentrations correlate with agricultural practices during the high-flow spring season, but then correlate with urban land use during the lowflow summer and autumn seasons. A number of studies have also concluded that agricultural land use strongly influences nitrogen (Ahearn et al. 2005 , Orioli et al. 2008 , Li and Zhang 2010 , phosphorus (Hill 1981) , and sediment load (Allan et al. 1997 , Ahearn et al. 2005 in river water. Urban land use has also been shown to influence water nutrient concentrations (Sliva and Williams 2001) . Although the effects of seasonality have been partially addressed in these previous studies, few studies have examined the relationship between river chemistry and land use in dry and wet seasons.
A variety of serious environmental problems, such as water/soil loss, acid rain, and land karstification, is affecting southwest China. Karst environments are fragile and difficult to remediate after disturbance (Yuan 1997) , meaning that the use of such areas represents a serious threat to ecosystems and poses difficulties in their sustainable development. Despite this, few studies have focused on the effect of land use on the chemistry of river water in karst terrain (Zhang et al. 2008) , although this is essential to understand the karst-related carbon cycle (Liu et al. 2010) . No previous studies have linked land use to river water quality in karst watersheds of southwest China, which is one of the world's unique karst landscapes. The objective of our research was to identify the relationships between water chemistry and land use in the Wujiang River basin, southwest China. We sampled and analysed waters from 11 independent sub-catchments in the Wujiang River basin where lithology and forest cover can be assessed as controls on solute concentrations in river water. Moreover, we examined the impact of land use on river water chemistry in both low-flow (dry) and highflow (rainy) seasons, to quantify which land-use types control the chemistry of the sub-watersheds in the Wujiang River basin.
STUDY AREA
Guizhou Province covers an area of 17.6 × 10 4 km 2 , extending between 24°37′-29°13′N and 103°36′-109°3 5′E. The province is located in the centre of the Southeast Asia karst region, which is the largest karst area in the world. The Wujiang River originates in the Wumeng Range on the Yunnan-Guizhou Plateau and is the largest tributary of the upper reaches of the Changjiang River. The Wujiang River is the largest river in Guizhou Province, with a total length of 874 km draining an area of 66 876 km 2 , and a mean water discharge of 1690 m 3 s -1 (Han and Jin 1996) .
The Wujiang River watershed lies at about 1500 m a.s.l. in altitude in its upper reaches and at about 500 m a.s.l. in the lower reaches. Exposed geological strata are mainly pre-Jurassic in age. The upper reaches of the Wujiang River watershed are dominated by Permian and Triassic carbonate rocks, coal-bearing sedimentary formations, and minor basaltic rocks. The middle reaches of the river drain Permian and Triassic limestones, dolomitic limestones, and dolomites, whereas the lower reaches mainly drain carbonate rocks, as well as some shales, sandy shales, and siltstones ( Fig. 1(a) ).
The watershed of the Wujiang River is exposed to a warm subtropical and humid monsoonal climate. The mean annual air temperature ranges between 14°C and 22°C across the drainage basin. The seasonal monsoon climate results in high precipitation during summer and low precipitation in winter. Mean annual precipitation averaged over several years in the watershed varies from 850 to 1600 mm year -1 , and precipitation decreases both from south to north and from east to west.
Vegetation in the basin is dominated by coniferous and deciduous forest, mixed coniferous and broad-leaved forest, and shrubs and herbs. Agriculturally utilized land is concentrated in the middle reaches of the Wujiang River (zones 2, 3, 7, and 8 in Fig. 1(b) ). The main crops include maize (Zea mays Linn.), rice (Oryza sativa Linn.), and vegetables such as radish (Raphanus sativus L. var. radiculus Pers.) and tabasco pepper (Capsicum L.). The large cities of Guiyang and Zunyi are located along the middle reaches of Wujiang River. The region along the upper reaches is mainly covered by yellow calcareous soils and shrubs.
METHODS

GIS analysis
The river channel network and extent of areas draining water to each sampling site were quantified by geographical information system (GIS) analysis using ArcView GIS 3.2 Desktop GIS software (ESRI, Redlands, CA, USA). All data sets were converted to a digital format using a common coordinate system. A digital elevation model (DEM) was also used to extract geomorphological features, which were examined by GIS for each studied sub-watershed (elevation range, average elevation, and average slope). Digitized lithological maps (1:250 000 scale) were used to calculate the percentage of different geological formations. A geological map was digitized for the Nature Conservancy and provided to the Cosumnes Research Group as a GIS data set. The map was simplified into four categories: clastic sedimentary rocks, carbonate rocks, carbonate rocks interbedded with clastic rocks, and clastic rocks interbedded with carbonate rocks. The percent coverage of each of these four categories was calculated for the sub-watersheds (Table 1) . Digitized land-use maps (1:100 000 scale) were used to calculate the percentage of land use. Land use was divided into five categories: forest land, agricultural land (including paddy land and dry land), grassland, urban (industrial and residential) areas, and water. The percentage land use for each subwatershed was calculated using GIS (Table 1) .
Statistical analysis
The Wujiang River basin has a large land area of 66 849 km 2 , and the 38 water-sampling sites encompass a range of land uses, types of geology, and stream orders throughout the entire watershed ( Fig. 1(b) ). To simplify interpretation of the data, the watershed was first divided into sub-watersheds using a DEM. After consideration of similarities in bedrock terrain, land use, and human activities, the sub-watersheds were clustered into 11 zones (Table 2 , Fig. 1(b) ). Analyses in this study were conducted at the zonal level. Notes: TDS: total dissolved solids; data come from Han and Liu (2004) and Han et al. (2010) . The concentrations of major cations were determined by atomic absorption spectrometry, and concentrations of major anions by ion chromatography; the concentrations of Sr were determined by ICP-MS; and the 87 Sr/ 86 Sr ratio was determined by a VG354 mass spectrometer.
Effects of land use on water chemistry in a river draining karst terrain, southwest China
Relationships between data and environmental variables were tested using Pearson's correlation with statistical significance a priori set at p < 0.05. Analysis of variance was used to compare variations in water chemistry with different land uses, with the significance set at p < 0.05 (least significant difference, LSD). All statistical analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA) for Windows software.
Sampling and analytical methods
Two field surveys were conducted in January and August 1999. August is the rainy season (highflow) and January is the dry season (low-flow). All the sampling sites are shown in Fig. 1(b) . A total of 38 samples were collected in the Wujiang River watershed. Major ion concentrations and 87 Sr/ 86 Sr ratios of the water samples are given in Table 3 .
RESULTS AND DISCUSSION
Carbonate dissolution is important in controlling river water chemistry, as illustrated by the Ca-HCO 3 dominance of our results (Fig. 2) . High HCO 3 -, Sr, and pH (8.3 in the dry season, 8.0 in the wet season) are typical for waters that drain carbonate terrain. This is consistent with the geology of the Wujiang River watershed being dominated by carbonate rocks (CaCO 3 and CaMg(CO 3 ) 2 ).
Variations in physico-chemical data
Spatial and temporal variations of physico-chemical data are shown in Fig. 3 . Apart from NO 3 concentrations, pH, TDS, SO 4 2-, K + , Si, and Sr 2+ water contents are higher in the dry season relative to the rainy season. However, 87 Sr/ 86 Sr ratios exhibit no significant seasonal variations. Most of the water chemistry data also show significant spatial variations. Lower NO 3 and SO 4 2concentrations characterize zones 9 and 10, which have more vegetation cover than other zones. The pH values of river water in the rainy season are lower than those in the dry season. Mean pH values in both the dry and wet seasons are always >8.0, which reflects the importance of carbonate dissolution and also suggests that anthropogenic activities have had no significant impact on river pH.
We undertook a principal component analysis (PCA) using SPSS software. Table 4 summarizes the PCA results, including 10 physico-chemical variables and the eigenvalues of each PC. The PCA allowed the reduction of these 10 variables to three significant PCs that explain 81.6% of the variance of the original data set. PC1 reflects inputs of rain and carbonate weathering, PC2 is controlled by anthropogenic inputs, and PC3 by silicate weathering. It can be seen from Table 5 activities contributed to PC2. Si can be initially assigned to originate from silicate weathering in relation to PC3.
Land-use distribution
Forest land is the dominant land-use type in the basin, covering from 30.3% (Zone 6) to 71.2% (Zone 4) of the land area (Table 1) . Although agricultural activities are widely distributed across the basin, they are mainly concentrated in zones 2, 3, 5, and 7, constituting 34.9-48.4% of the land area. Urban areas cover <0.5% of the watershed, apart from zones 7 and 8 in the middle reaches of the Wujiang River. Forest cover shows a strong positive covariation with dissolved K + in river water and a less marked, but significant, negative covariation with others ions such as Mg 2+ and HCO 3 -. These results are consistent with the majority of previous studies, which have shown that disturbances in the form of logging and forest burning cause leaching of both cations and anions (e.g. K + , Mg 2+ , Ca 2+ , and SO 4 2-) to soil pore and river waters (Likens et al. 1994 , Biggs et al. 2002 , Tripler et al. 2006 , Lindell et al. 2010 . Temporally, it is evident that most ions were diluted in the rainy season, which indicates a mineral source for those ions, whereas K + and NO 3 were not diluted in the rainy season. Tripler et al. (2006) suggested that the covariation between NO 3 and K + in streamwater indicates that both ions are controlled by similar processes, which is most likely due to agricultural activities, and our results indicate that this signal is amplified in the rainy season.
Lithological distributions and Sr isotopic compositions
Waters of the Wujiang River have high Sr concentrations and relatively low 87 Sr/ 86 Sr ratios (0.7077-0.7115), which indicate that the chemistry is dominated by limestone weathering. The relationship between 87 Sr/ 86 Sr ratios and terrain geology clearly shows that Sr isotopes vary with terrain geology (Fig. 4) ; 87 Sr/ 86 Sr ratios increase as the proportion of clastic rocks increase, and vice versa. A few sub-watersheds have high forest cover and little influence from human activities ( Fig. 3; e (Johnson et al. 1997 , Ahearn et al. 2005 . Our study indicates that NO 3 concentrations vary between zones and correlate negatively with forest cover, which perhaps reduces soil nitrogen loss (Fig. 5) . These results are consistent with the majority of previous studies, which have shown that disturbances in the form of logging and burning cause leaching of both cations and anions (e.g. K + , Ca 2+ , Mg 2+ , NO 3 -, and SO 4 2-) to soil pore and streamwaters (Forti et al. 2000 , Biggs et al. 2002 , Tripler et al. 2006 . Previous studies have shown that water draining different lithological terrains has variable Sr isotopic compositions (Goldstein and Jacobsen 1987) . Water draining silicate terrain has more radiogenic 87 Sr/ 86 Sr ratios, whereas 1985, Palmer and Edmond 1989) . Carbonate is the primary rock type in the Wujiang River basin ( Fig. 1(a) ), and our results confirm that terrain geology is the dominant control on the Sr isotopic compositions of the river water. Different types of land use have almost no effect on Sr isotopic composition.
Linking land use and river water chemistry
Correlation analysis using the average values of water chemistry and land-use patterns reveals that K + increases with forest cover (Fig. 5 ). It is also evident that NO 3 varies in different zones and has a negative correlation with forest cover, perhaps due to forest cover reducing soil nitrogen loss. Gaillardet et al. (1999) showed that the TDS of river water is related to land use and environmental pollution. The TDS flux of a sub-watershed is calculated as follows:
where C TDS is the TDS of a sample, Q is discharge, and A is the sub-watershed area. Figure 6 shows that there is a negative relation between the TDS flux and forest cover in both dry and rainy seasons. TDS concentrations of the Wujiang River vary from 256 to 440 mg L -1 (mean = 355 mg L -1 ) in the rainy season (Han et al. 2010) , and from 237 to 384 mg L -1 (mean = 310 mg L -1 ) in the dry season (Han and Liu 2004) (Table 3) . Higher vegetation cover results in a lower TDS flux (Fig. 6) , indicating that water and soil conservation is better in areas of higher vegetation cover in the Wujiang River basin, which is consistent with studies of other areas (Ferrier et al. 2001, Sliva and Williams 2001) .
CONCLUSIONS
We have assessed the spatial and temporal quality of river water draining karst terrain and identified the key controls on water chemistry. Geology and land use are closely related and have an important impact on river water quality in the Wujiang River watershed. All the water physico-chemical data exhibit spatial variations at the sub-watershed scale. There is no relationship between the type of land use and the pH or Sr isotopic composition of the river waters. Geochemical interactions, such as erosion and dissolution of carbonate bedrocks, within the catchment area directly influence the water chemistry of river waters in terms of most major ions, pH, and 87 Sr/ 86 Sr ratios. In particular, dissolution of carbonate rocks primarily controls the pH and Sr isotopic composition of river water.
Our study has also identified strong relationships between some river-water chemistry parameters and land use in the Wujiang River basin. Karst hydrogeochemistry and the karst-related carbon cycle could potentially be regulated by utilizing different types of land use. For example, nitrate concentrations were found to decrease with increasing areal extent of non-forested land. TDS also appears to be a useful indicator of different types of land use and other environmental parameters. 
